Abstract. The Little Ice Age (LIA) is the last episode of a series of Holocene climatic anomalies. There is still little knowledge on the response of the marine environment to the pronounced cooling of the LIA and to the transition towards the 20th century global warming. Here we present decadal-scale coccolithophore data from four short cores recovered from the central Mediterranean Sea (northern Sicily Channel and Tyrrhenian Sea), which on the basis of 210 Pb activity span the last 200-350 years. The lowermost part of the record of one of the cores from the Sicily Channel, Station 407, which extends down to 1650 AD, is characterized by drastic changes in productivity. Specifically, below 1850 AD, the decrease in abundance of F. profunda and the increase of placoliths, suggest increased productivity. The chronology of this change is related to the main phase of the Little Ice Age, which might have impacted the hydrography of the southern coast of Sicily and promoted vertical mixing in the water column. The comparison with climatic forcings points out the importance of stronger and prolonged northerly winds, together with decreased solar irradiance.
Introduction
There is evidence for a general, long-term cooling of the high-and mid-latitude regions in the Northern Hemisphere during the Holocene, due to the decline of summer insolation (Wright, 1993; Mayewski et al., 2004; Wanner et al., 2008) . This trend culminated in the Little Ice Age (LIA), between 1250 AD and 1850 AD but with a main phase usually recognized between 1550 AD and 1850 AD, when many glaciers of the Northern Hemisphere realized their most extensive advance since the Younger Dryas (Grove, 2004; Holzhauser,796 A. Incarbona et al.: The Impact of the Little Ice Age on Coccolithophores
The LIA is also the last episode of a series of Holocene climatic anomalies that occurred every 1500 years and that were first recognized in the North Atlantic Ocean (Bond et al., 1997 (Bond et al., , 2001 . A recent work reported these anomalies even in Holocene Mediterranean sediments (Incarbona et al., 2008a) , but the youngest of these cycles, the Bond cycle B0 corresponding to the LIA, was not recovered at this studied site (Site 963), possibly because of disturbance in the recovery of sedimentary material. Indeed there is a general lack of studies dealing with the marine sedimentary record of the last centuries that may show the response of the marine environment to the pronounced cooling of the LIA and to the transition towards the twentieth century global warming.
Here we discuss the record of coccolithophores, unicellular phytoplanktonic organisms very sensitive to the past and ongoing transformation of the marine environment (Molfino and McIntyre, 1990; Westbroek et al., 1993; Beaufort et al., 1997; Flores et al., 1997; Lototskaya et al., et al., 1998; Colmenero-Hidalgo et al., 2004; Stoll et al., 2007; Fabry, 2008; Iglesias-Rodriguez et al., 2008; Langer et al., 2009 ). Data were collected in four cores and box-cores from the central Mediterranean Sea ( Fig. 1) , characterised by exceptionally high sedimentation rates and which span the last 200-350 years. They were retrieved in oceanographically sensitive areas of the northern Sicily Channel and in a coastal site of the Tyrrhenian Sea. Collected data have several paleoenvironmental/paleoceanographic implications. We verify the occurrence of the LIA in the central Mediterranean sediments and its eventual impact on the marine environment utilizing coccolithophore ecological proxies and we aim to test if there is any signature of turnover in the coccolithophore assemblages of the last century that might be ascribed to the global warming and/or to human activity. (Fig. 1) by a USGS-modified NEL box-corer sampler. They were retrieved in the course of Bansic01, Bansic02 and Bansic03 oceanographic cruises, after investigation by a 3.5 kHz Sub Bottom Profiler. The sedimentary material is comprised of marls with a variable content of clay, about 70% in St 272, 35% in St 342 and 40% in St 407 (Tranchida et al., 2010) .
Material and methods

Box
The gravity core C90-1M (40 • 36 N, 14 • 42 E) was recovered from the shelf break of the northern Salerno Bay ( C90-1M, were sampled every 1 cm. Calcareous nannofossil analysis was carried out by a polarized microscope at about 1000 X magnification. Rippled smear slides were prepared following a standard procedure (Bown and Young, 1998) . More than 500 specimens were counted taking into account about 20 taxonomic units, generally following the taxonomic concepts on living coccolithophores of Young et al. (2003) . Taxa were grouped following Di Stefano and Incarbona (2004) and Incarbona et al. (2009) : "Placoliths", are r-strategist taxa considered as a proxy of high productivity conditions (Young, 1994; Broerse et al., 2000; Flores et al., 2000; De Bernardi et al., 2005; López-Otálvaro et al., 2008) ; "Miscellaneous group" taxa comprise those that live without any specific depth and within a wide range of ecological preferences; 'Upper photic zone' (UPZ) taxa are K-strategists, specialized to live in warm subtropical surface waters and to exploit a minimum amount of nutrients (Okada and Mcintyre, 1979; Roth and Coulbourne, 1982; Takahashi and Okada, 2000; Andruleit et al., 2003; Boeckel and Baumann, 2004; Baumann et al., 2005) . Finally, F. profunda is the main species of the "lower photic zone" (LPZ) group. This species fluorishes in the lower photic zone and its relative abundance, evaluated versus the rest of the assemblage, is sensitive to modifications in the depth of the nutricline (Molfino and McIntyre, 1990; Beaufort et al., 1997; Flores et al., 2000) . Net Primary Production data, expressed in milligrams of carbon per square meter per day (mg C×m −2 ×d −1 ), are available on request as global 2160×4320 hdf files with an approximate resolution of about 9×9 square kilometers, and were downloaded from the site http://web.science. oregonstate.edu/ocean.productivity/index.php. They refer to products generated using the standard algorithm for the Vertically Generalized Production Model (VGPM) (Behrenfeld and Falkowski, 1997) . A cumulative global climatology field was first obtained by averaging the downloaded monthly climatological averages, calculated using available data between September 1997 and April 2007. From this 2160×4320 image, information from the pixels closest to the location of the sediment sample sites was extracted with the aim of further analysis.
Chronology
The C90-1M core chronology is based on 210 Pb and 137 Cs radiometric dating (Vallefuoco, 2008) . The 210 Pb activitydepth profile in core C90-1m shows an exponential decline with depth suggesting a constant sediment accumulation over the last century. A mean sediment accumulation rate of 0.20 cm/yr (sampling resolution of 4.8 yr) was obtained with an age of 1802 AD at 40.5 cm bsf. The measured 137 Cs activities are low compared to those measured in the Northern Adriatic sediments (Frignani et al., 2004) , but show a clear trend detectable down to 15 cm. Data indicate a mean sedimentation rate of 0.18 cm/yr. This value is in good agreement with those obtained from the 210 Pb activity-depth profile. The preservation of a clear curve trend of 137 Cs activity suggests that the sedimentation rate has been mostly constant for the last 50 years.
The chronology of Sicily Channel box-cores St 272, 342 and 407 has been determined by the 210 Pb activity (Di Leonardo et al., 2006; Tranchida et al., 2010) . Sediment accumulation rates were estimated as 0.19 cm/yr (sampling resolution of 5.3 yr) for St 272, 0.094 cm/kyr (sampling resolution of 10.6 yr) for St 342 and 0.067 cm/yr (sampling resolution of 14.9 yr) for St 407.
Oceanography of the study area
The middle-latitude location of the Mediterranean basin is suitable to provide information on the high-and low-latitude teleconnection in the Northern Hemisphere. Moreover, given its West-East elongate nature, it interacts with different climatic systems.
The Mediterranean anti-estuarine circulation pattern is forced by the negative hydrological balance and by the density gradient with the Atlantic Ocean (Robinson and Golnaraghi, 1994) . Surface waters, called Modified Atlantic Water (MAW), enter from the Atlantic Ocean and occupy the first 100-200 m of the water column. At the entrance of the Sicily Strait, they separate into two branches (Millot, 1987) : The majority of these waters enter the Sicily Channel; the remainder flows into the Tyrrhenian Sea and follows the northern coast of Sicily (Bethoux, 1980) (Fig. 1) . Into the Sicily Channel, MAW is again split into two streams, southeast of Pantelleria (Robinson et al., 1999; Béranger et al., 2004) . The Atlantic Tunisian Current follows the 200 m isobath, reaching the African coast and flowing eastwards as a coastal current (Onken et al., 2003; Béranger et al., 2004) . The northern branch, called the Atlantic Ionian Stream (AIS), contributes to the MAW transport into the eastern Mediterranean off the southern coast of Sicily. Three semi-permanent mesoscale summer features are associated with AIS meanders, the Adventure Bank Vortex (ABV), the Maltese Channel Crest (MCC) and the Ionian Shelfbreak Vortex (ISV) (Fig. 1) , mainly in response to topographical effects (Lermusiaux and Robinson, 2001; Béranger et al., 2004) .
Levantine Intermediate Water (LIW) forms in the eastern basin in February-March as a process of surface cooling on water masses which underwent a severe salt enrichment (Ovchinnikov, 1984; Malanotte-Rizzoli and Hecht, 1988) . LIW is not able to reach the sea-bottom and occupies a depth between 150-200 and 600 m. It is prevalent and ubiquitous throughout the eastern basin and enters the Sicily Channel through the sills south of Malta, together with a thin uppermost layer of Eastern Mediterranean Deep Water (EMDW) (Lermusiaux and Robinson, 2001; Gasparini et al., 2005) . LIW exits the Sicily Channel as a flow cascading down to about 2000 m into the Tyrrhenian Sea. It is composed of an upper part of LIW sensu stricto and a lower part of Tyrrhenian Dense Water which is the result of the mixing between EMDW and Tyrrhenian resident water. The circuit of LIW in the Tyrrhenian Sea is anticlockwise along the slope and it flows out along the slope of Sardinia.
The trophic resources of the Mediterranean Sea are among the poorest in the world's oceans. The anti-estuarine circulation pattern contributes to its maintenance, since, at the Strait of Gibraltar, surface waters coming from the Atlantic Ocean are nutrient depleted, with respect to outflowing waters, mainly constituted by LIW (Bethoux, 1979; Sarmiento et al., 1988) .
The main factor which controls the seasonal change in primary production is linked to the dynamics of the water column. Winter convection, and less frequently frontal zone migration or upwelling, brings nutrients into the photic zone (mesotrophic regime) (Klein and Coste, 1984) . LIW is the carrier of nutrients in the upper part of the water column for fertilization (Intergovernmental Oceanographic Commission, 1999 ). An oligotrophic regime, characterized by a much lower level of production, occurs in summer, when a stable stratification, due to the deepening of the summer thermocline up to about 90 m, takes place (Klein and Coste, 1984; Krom et al., 1992; Crispi et al., 1999; Allen et al., 2002) .
The seasonal control on primary productivity is displayed by the time series from September 1997 to December 2007, acquired on the basis of satellite imagery (http://web.science. oregonstate.edu/ocean.productivity/index.php). Winter maxima alternated with late summer minima can be seen in all investigated sites (Fig. 2) ×a −1 for C90-1M. The highest values in core C90-1M, both in the total mean and in the winter peaks, reflect the coastal location of this site. Values in the Sicily Channel box-cores display a west-east reduction gradient which is possibly due to the nutrient availability. In addition, there is a further influence controlled by the coastal proximity and site depths (see Sect. 2).
Results
A total of 116 samples were investigated with a mean counting of 545 specimens per sample. In order to obtain paleoenvironmental information from the cores, taxa were grouped on the basis of coccosphere functional morphology which might reflect different ecological adaptations (Young, 1994) . The standard error associated to the counting, calculated at a 95% confidence level, is shown as a bar in Figs. 3-6 , and demonstrates that some significant abundance changes in a few taxonomic units occurred over the last 3-4 centuries.
From the analysis it can be seen that placoliths are always dominant, with values never lower than 70% (Figs. 3-6 ), reflecting the proximity of the coast for all investigated sites and the relatively high productivity level. The dominant species is E. huxleyi, similarly to other Holocene records and living coccolithophore samples from the Mediterranean Sea (Knappertsbusch, 1993; Flores et al., 1997; Buccheri et al., 2002; Malinverno et al., 2003; Bárcena et al., 2004; Colmenero-Hidalgo et al., 2004; Di Stefano and Incarbona, 2004; Incarbona et al., 2008b) . This taxon shows relative abundance values of about 60-75% in the northern Sicily Channel and between about 75% and 90% in the Tyrrhenian Sea coastal site. The abundance of F. profunda, the only species representative of the LPZ community, is very low in the coastal site of the Tyrrhenian Sea, and more abundant in the Sicily Channel where it is an important part of the assemblages, with percentage values of about 10-20% (Figs. 3-6 ). All the other species account for less than 5% and are largely subordinated within the assemblages, even if they can show significant abundance variations once grouped in the Miscellaneous and UPZ group, for instance the four significant peaks in abundance of the UPZ group, at about 1810, 1875, 1910 and 1965 AD in the St 342 box-core (Fig. 4) .
Paleoclimatic considerations and the impact of the Little Ice Age
The lowermost part of the St 342 and St 407 records show significant decreases in F. profunda abundance (Fig. 7) ×a −1 ). These estimates are compatible with the values found in the ABV area (Fig. 1 ) throughout the Holocene (Incarbona et al., 2008a) .
The increase in productivity in the Sicily Channel represents new evidence of the impact of the LIA in the marine realm. Previous studies on the central sector of the Mediterranean Sea focused on SST decrease. A temperature drop of 2 • C has been deduced along the northern Sicilian coast by geochemical analysis on Vermetid Reefs (Silenzi et al., 2004) . A similar temperature drop, accompanied by concomitant heavier values in δ 18 O of planktonic foraminifera, has been shown in the Gulf of Taranto, western part of the Ionian Sea (Versteegh et al., 2007; Taricco et al., 2009 ).
In Fig. 7 , the distribution patterns of F. profunda at St 342 and St 407 are plotted together with Northern Hemisphere and global climate proxy records such as temperature, solar irradiance and atmospheric activity (Mayewski et al., 1997; Lean, 2000) . F. profunda distribution patterns at St 342 and 407 do not show a significant match with Northern Hemisphere temperature and with solar irradiance reconstructions (Lean, 2000) , apart from the general Verschuren and Charman, 2008; Wanner et al., 2008) . The Dalton Minimum is also indicated by a gray band, even if no samples come from this horizon. Verschuren and Charman, 2008; Wanner et al., 2008) . The Dalton Minimum is also indicated by a gray band.
increasing trend and the decrease in abundance in coincidence of the Dalton Minimum (Fig. 7) . No further significant correlation with temperatures can be seen focusing on the regional context of the Italian Peninsula (Brunetti et al., 2004; . However, the spectral analysis of F. profunda percentage values in the St 407 sedimentary record highlights a significant periodicity (over 95% confidence level) at 60 yr (Fig. 8) . It is a solar periodicity, known as the Yoshimura cycle (Yoshimura, 1979) and seems to be a natural forcing of large scale atmospheric phenomena, such as the NAO over The horizontal bars show the error associated to the countings, for a 95% of confidence level. The top of the Little Ice Age is indicated at 1850 AD, according to Verschuren and Charman, 2008; Wanner et al., 2008) . The Dalton Minimum is also indicated by a gray band. The horizontal bars show the error associated to the countings, for a 95% of confidence level. The top of the Little Ice Age is indicated at 1850 AD, according to Verschuren and Charman, 2008; Wanner et al., 2008) . The Dalton and Maunder Minima are both indicated by gray bands. ; GISP 2 ice core sea salt Na and non-sea-salt K records, expressed in ppb (Mayewski et al., 1997) .
the last 4 centuries (Velasco and Mendoza, 2008) . Significantly, algal blooms in the Adriatic Sea have been recently tied to this cycle (Ferraro and Mazzarella, 1998) . Nevertheless, the occurrence of a solar periodicity in the Sicily Channel sedimentary record has to be prudently considered, since the standard error associated to F. profunda countings is on average 1.9%, that is just suitable to decipher variation at the 0-75 year band. Three main episodes of strengthened atmospheric circulation in the Northern Hemisphere, deduced by sea salt Na and non-sea salt K in Greenland ice cores (Mayewski et al., 1997 ), have been recorded between about 1910 -1940 AD, 1790 -1830 AD and below 1750 (Fig. 7) . These intervals correspond to increased productivity in the St 407 core. The link at about 1930 AD is especially remarkable, since it can hardly be explained by other climatic forcings (Fig. 7) . As already proposed for Holocene climatic anomalies recognized at ODP Site 963, stronger northern winds might promote vertical mixing in the water column stimulating phytoplankton blooming (Incarbona et al., 2008a) . Moreover, the strengthened atmospheric circulation in the Northern Hemisphere might have impacted on the oceanographic circulation of the Mediterranean Sea, enhancing the deepwater production and reinforcing the thermohaline circulation, as recently observed in the Western Basin (Frigola et al., 2007) . The AIS follows the topography of southern Sicily coast and generates three mesoscale features (Sect. 4.1). In case of reinforcing of the Mediterranean thermohaline circulation the character of the gyres would be invigorated, independently from their cyclonic/anticyclonic nature. Therefore, the ABV cyclonic gyre of St 407 might have widened and strengthened (increased productivity) at about 1930 AD, while anticyclonic conditions of MCC persisted at St 342, explaining the different response of the 2 sites to the climatic perturbation.
The last decades are characterised by rapid increase of greenhouse gases in the atmosphere and global surface temperature (Fig. 7) . Recent studies pointed out that coccolithophore PIC production responds to rising atmospheric CO 2 (Riebesell et al., 2000; Fabry, 2008; Iglesias-Rodriguez et al., 2008; Langer et al., 2009) . Moreover, as discussed in Sect. 4.1, the Mediterranean Sea has been experiencing a change in hydrography which involves the marine www.clim-past.net/6/795/2010/ecosystem. One of the aims of the present work was to test the response of coccolithophores, as a key component of the Mediterranean marine ecosystem, to these phenomena.
The distribution pattern of placoliths and of F. profunda in St 342 and St 407 box-cores shows trends that can be interpreted as a primary productivity reduction, starting respectively at 1910 AD and at 1930 AD (Figs. 4, 5 and 7) . This trend is also evident in the Tyrrhenian core C90-1M since about 1980 AD (Fig. 6) , whereas an opposite trend supporting an increase in productivity can be deduced for St 272 (Fig. 3) . We suspect that coccolithophore trends in the central Mediterranean sediments are likely not a response to global phenomena but rather a local hydrographic response. Given the proximity to the coast of the investigated sites, they might have been affected by human activity, such as public works and pollution. For instance, a dam built in 1934 AD would have greatly affected the flow capacity of the Sele River, whereas high heavy metal concentrations, such as Hg, characterise the northern Sicily Channel sediments since 1950 -1970 AD (Di Leonardo et al., 2006 Tranchida et al., 2010) . Further investigation, especially focused in less anthropogenically-affected regions, is needed to deduce the signal of recent oceanographic-climatic transformations in the Mediterranean environment.
Conclusions
We carried out a comparison between decadal-scale coccolithophore data and climate forcing records to reconstruct the LIA impact on the marine ecosystem in the Sicily Channel. The lower photic-zone dweller F. profunda species decreases in abundance in the early 19th century mimicking decreased solar (sunspot) activity during the Dalton minimum, as well as during the Maunder Minimum. This species, at St 407, exhibits a periodicity of 60 yr which might be attributed to the Yoshimura cycle of solar origin. Main episodes of strengthened atmospheric circulation in the Northern Hemisphere, recorded between about 1910-1940 AD, 1790-1830 AD and below 1750 AD, might correspond to main intervals of increased productivity in the Sicily Channel. In fact, strengthened northern winds were a suitable explanation for other Holocene climatic anomalies (Incarbona et al., 2008a) and for a concomitant 2 • C SST decrease indicated by geochemical analysis on Vermetid Reefs along the northern Sicilian coast (Silenzi et al., 2004) .
The lowermost part of the records of St 342 and St 407 show significant decreases in F. profunda abundance, while placoliths increase in abundance, supporting an increase in primary productivity. The chronology based on 210 Pb activity suggests the productivity increase can be ascribed to the main phase of the LIA, ended about 1850 AD. In particular, productivity would have decreased by about 35-40 gC×m −2 ×a −1 from year 1700 AD to year 1855. These estimates are compatible with the values found in the ABV area throughout the Holocene (Incarbona et al., 2008a) .
